Abstract Nonalcoholic fatty liver disease (NAFLD) is highly prevalent in the Western population. By mechanisms that are not completely understood, this disease may progress to nonalcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). db/db mice spontaneously develop hepatic steatosis, which progresses to NASH when these mice are fed a methionine cholinedeficient (MCD) diet. The goal of our studies was to identify lipid and methionine metabolism pathways affected by MCD feeding to determine potential causal events leading to the development of NASH from benign steatosis. db/db mice fed the MCD diet for 2 weeks exhibited signs of incipient NASH development such as upregulated cytokines and chemokines. At this time point, MCD diet feeding caused S-adenosylmethionine (SAMe) depletion in db/db mice, while wild-type mice on the same diet retained hepatic SAMe levels. SAMe depletion exerts pleiotropic effects upon liver homeostasis and is commonly associated with a variety of liver insults such as thioacetamide, CCL 4 , and alcohol treatment; thus, SAMe depletion may serve as the second hit in NASH development. It is possible that differences in hepatic lipid and/or methionine metabolism between wild-type and db/db mice underlay the differential maintenance of SAMe levels during methionine and choline restriction. Indeed, db/db mice exhibited inhibited lipid oxidation pathways, which may be a priming factor for NASH development, and db/db mice fed the MCD diet had differential methionine adenosyltransferase (MAT) expression. The occurrence of SAMe depletion at this early, benign stage of NASH development in db/db mice with fatty liver suggests that SAMe supplementation may be (A) targeted to individuals susceptible to NASH (i.e., NAFLD patients) and (B) preventative of NASH before substantial liver injury has occurred.
Introduction
Excessive food intake and sedentary lifestyles have led to an epidemic of the metabolic syndrome, or an energy imbalance resulting in hypertension, insulin resistance, and dyslipidemia. In addition to the classical cardiovascular and insulin response defects caused by the metabolic syndrome, obese individuals have a higher prevalence of fatty liver as well as nonalcoholic steatohepatitis (NASH) (i.e., fatty liver with inflammation), which is a progressive disease leading to fibrosis, cirrhosis, and finally hepatocellular carcinoma [1] . Nonalcoholic fatty liver disease (NAFLD) is highly prevalent in Western populations. Recent studies suggest that this disease may occur at a frequency of 70% in obese individuals and 35% in lean individuals [2] . The current model of pathogenesis from healthy liver to NASH suggests a two-hit progression. First, insulin resistance causes lipid accumulation in hepatocytes (first hit). Secondly, it is proposed that cellular insults such as oxidative stress, lipid peroxidation, direct lipid toxicity, mitochondrial dysfunction, and/or infection causes hepatic inflammation (second hit), resulting in NASH [3] . Obesity has been associated with chronic systemic inflammation resulting in elevated serum cytokines, such as tumor necrosis factor a (TNFa) [4] , suggesting that fatty liver could naturally progress to NASH in obese individuals. Understanding the causes of NASH in high-risk individuals (i.e., those with fatty liver) would be central for development of NASH-preventive regimens.
db/db mice are obese and insulin resistant due to a naturally occurring mutation in the leptin receptor (Ob-Rb) gene resulting in a splice defect that truncates the receptor to the length of the short-form (Ob-Ra) leptin receptor, ablating central leptin signaling in the hypothalamus [5] . Aberrant leptin signaling results in energy imbalance; thus, db/db mice develop macrovesicular hepatic steatosis under normal conditions and readily exhibit symptoms of NASH upon induction of a second hit, for example, by feeding of an MCD diet [6, 7] . MCD diet feeding mimics NASH pathology in man; however, methionine and choline deficiency does not likely reflect a dietary deficiency that would occur in obese patients. db/db mice fed an MCD diet for 4 weeks exhibit severe inflammation and fibrosis, whereas wild-type C57/BL6 mice fed the MCD diet for 4 weeks develop macrovesicular steatosis with moderate inflammation but exhibit negligible fibrosis [7] (See Table 1 ). After 10 weeks of MCD diet feeding, C57/BL6 mice develop early-stage fibrosis [8] .
Abnormalities of lipid metabolism induced by nonfunctional leptin signaling clearly plays a role in steatosis induced in db/db mice; however, the mutation itself is not sufficient to induce NASH [7] . The original rationale for MCD diet feeding was to restrict availability of essential components of phosphatidylcholine synthesis, which is necessary for lipoprotein formation and thus lipid export from the liver [6] . However, because lipid accumulation alone is not sufficient to induce NASH in this model, lipid sequestration induced by MCD diet feeding is probably only one of multiple pathways causing the second hit in this model. Indeed, in wild-type rats fed an MCD diet, which develop steatosis and then NASH, methionine supplementation is sufficient to prevent NASH but not steatosis, suggesting that choline restriction alone is sufficient for induction of steatosis [9] . Thus it is possible that in db/db mice fed an MCD diet, abnormal methionine metabolism induced by the diet synergizes with abnormal lipid metabolism inherent in db/db mice to promote development of NASH.
Methionine is the precursor of SAMe, the principal biological methyl donor involved in synthesis of lipoproteins and the antioxidant glutathione (GSH). Methylation pathways utilizing SAMe also affect membrane fluidity, reactive oxygen species (ROS) generation, cellular differentiation, and the balance between proliferation and apoptosis [10] . These pathways may account for MCDinduced effects besides lipid sequestration that contribute to NASH development. In wild-type rats, methionine restriction during MCD diet feeding for 5 weeks (until the onset of fibrosis) has been shown to promote SAMe depletion [9] , and SAMe supplementation coincident with MCD feeding reduces the severity of NASH [11] . In animal models, SAMe depletion is common among various chemicalinduced liver injuries, whereas in many such cases SAMe supplementation attenuates liver injury [12] [13] [14] [15] [16] [17] [18] [19] . Thus, SAMe supplementation may have potential for clinical application in patients with a predisposition to NASH.
SAMe depletion could result from decreased synthesis or increased utilization. SAMe is principally utilized in a variety of transmethylation pathways in the liver, notably in phosphatidylcholine and glutathione synthesis. SAMe is synthesized from methionine and ATP by methionine adenosyltransferases MATI/III (liver specific) and MATII (not liver specific, inhibited by high levels of SAMe) [10] . Reduction of liver-specific MATI/III activity and/or induction of non-liver-specific MATII activity is a common biomarker of many chemically induced liver injuries, such as thioacetamide [14] , CCL 4 [20] , and ethanol treatment [16] . Additionally, patients with cirrhosis caused by Qualitative data are summarized from [7] , [8] , [24] , and the current study (c.s.). Timepoint zero represents mice fed a control diet. Timeline is not drawn to scale. Symbols represent: -, not present; +, mild; ++, moderate; +++, severe; n.d., no data available. Inflamm., inflammation viral hepatitis demonstrate reduced total MAT activity [21] and reduced mRNA levels of MAT1A [22] . Thus, abnormal MAT isoform activities in the liver could be a cause of reduced SAMe levels. The association of SAMe depletion with specific events in the progression of liver disease (i.e., steatosis, early or late NASH) would be informative regarding the potential for therapeutic intervention in patients with various degrees of fatty liver and NASH progression. Additionally, identification of the causes for SAMe depletion in MCD-fed rodents could identify additional preventative strategies against NASH. Here db/db mice, which spontaneously develop steatosis, were fed the MCD diet for 2 weeks in order to induce preeminent NASH. Lipid and methionine metabolism pathways were then characterized to identify the earliest steps in the transition from fatty liver to NASH. Comparisons were made with wild-type mice fed the MCD diet for 2 weeks in order to determine events induced by MCD feeding that require preexisting steatosis and thus may be indicative of the effects of synergism between methionine depletion and lipid accumulation. Ultimately, this study will provide new insights into the role of methionine and lipid metabolism in the sequential model of NASH development.
Methods

Animal Care
Three-month-old db/db B6 Cg-M+/+ female mice (related genotype, a/a + Lepr db /+ Lepr db ), a model of type 2 diabetes and the metabolic syndrome harboring a mutation in the leptin receptor, and misty mice (related genotype, a/a m +/m +), expressing wild-type leptin receptors, were purchased from Jackson Laboratory (Bar Harbor, ME). They were fed ad libitum with either an MCD diet (MP Biomedicals Solon, OH, cat. no. 960439) as described elsewhere [7, 8, 23, 24] or the same diet supplemented with methionine and choline (i.e., control diet, MP Biomedicals cat. no. 960441) for 2 weeks. Each experimental group (two genotypes and two diets) consisted of five mice. Mice were housed individually in steel microisolator cages at 22°C with a 12-h/12-h, light/dark cycle. All procedures were conducted in accordance with the National Institutes of Health (NIH) guidelines for the care and use of laboratory animals and were approved by the Kansas University Medical Center institutional animal care and use committee. Blood samples were collected and centrifuged at 3,000g for 15 min. to collect serum. Livers were excised then snap-frozen in liquid nitrogen and kept at -70°C for RNA, protein, and lipid analysis. Separate liver slices were fixed in 10% formalin to be used for histology.
Histology
Formalin-fixed and paraffin-embedded liver sections were stained with hematoxylin-eosin for visual assessment of steatosis.
Serum Alanine Aminotransferase (ALT) Serum ALT activity was determined using the Liquid ALT Reagent kit (Pointe Scientific Inc., Brussels, Belgium).
Triglycerides and Cholesterol
Total liver lipids were extracted from 50-100 mg of liver homogenate as previously described [25] . Hepatic triglyceride concentration was measured using a Triglyceride Test kit (Wako pure Chemical Industries, Richmond, VA), and hepatic cholesterol content was measured with a Cholesterol E-test kit (Wako pure Chemical Industries, Richmond, VA).
Thiobarbituric Acid Reactive Substances (TBARS)
Liver tissue (50 mg) was homogenized in 1.15% KCl. TBARS were quantified as malondialdehyde equivalents using the Zeptometrix OXItek TBARS assay kit (Zepto Metrix Corp. Buffalo, NY) modified to include 0.02% butylated hydroxytoluene during the boiling step to reduce ROS formation during boiling. TBARS were normalized to total protein in the homogenate as quantified by the Bradford method [26] .
SAMe and S-Adenosylhomocysteine (SAH) Content
Liver tissue (45 mg) was homogenized in 1.15% KCl, then added to one volume of 10% trichloroacetic acid. The homogenate was then incubated on ice for 15 min, vortexed, and centrifuged at 10,000 rpm for 20 min. The supernatant was passed through a 0.45 lm filter and then applied to a high-performance liquid chromatography (HPLC) column. The levels of SAMe and SAH were measured as described previously [27] . 2-(N-morpholino)ethanesulphonic acid, 0.1 M phosphate, and 2 mM ethylene diamine tetraacetic acid (EDTA), pH 6.0]. After centrifugation at 10,000g for 15 min, the supernatant was collected. For deproteination, equal volumes of 10% metaphosphoric acid was added to the supernatant, incubated for 5 min, and spun at 2,000g for 2 min in a microcentrifuge. To 1 mL of the above supernatant, 50 lL of 4 M triethanolamine (TEAM) was added to adjust the pH to 7.0, diluted, and assayed for GSH. To determine GSSG levels independent of GSH, 10 lL of 2-vinylpyridine was added per milliliter of the diluted supernatant containing the TEAM reagent and incubated for 1 h at room temperature. Both GSH and GSSG were measured in these supernatants according to the manufacturer's protocol. Data was normalized to total protein in the homogenate as quantified by the Bradford method [26] .
Quantitative Real-Time PCR Livers were lysed in the TRIzol reagent (Invitrogen, Carlsbad, CA) and total RNA was isolated according to the manufacturer's protocol. RNA purity was confirmed by a 260/280 nm absorbance ratio greater than 1.5, and agarose gel electrophoresis with ethidium bromide staining was utilized to confirm the integrity of the 18S and 28S ribosomal RNA bands. Reverse transcription was carried out using Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Invitrogen) according to the manufacturer's protocol. Primers and probes for real-time PCR amplification were designed using Primer Express 3.0 according to the manufacturer's instructions (Real-Time PCR Chemistry Guide, Applied Biosystems, Foster City, CA) and are listed in Table 2 . All primer and probe sets were checked for specificity using the basic local alignment search tool (BLAST).
Real-time PCR amplification of cDNA corresponding to 16 ng of total RNA was carried out in a total volume of 20 lL containing 19 concentration of TaqMan Ò Universal Master Mix, 900 nM of each primer, and 150 nM of the 6-carboxyfluorescein (FAM)/6-carboxytetramethylrhodamine (TAMRA) dual-labeled probe. Amplification and fluorescence detection was carried out using the ABI Prism 7900 HT real time PCR system. Cycling conditions were as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s then 60°C for 1 min. Fourfold serial dilutions of reverse-transcribed RNA were amplified to create relative standard curves for quantification of each amplicon according to the manufacturer's instructions (Real-Time PCR Systems Chemistry Guide, Applied Biosystems, Foster City, CA). Gene expression values were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Western Blotting
Frozen livers (100 mg) were homogenized in 1 mL of buffer containing 18 mM Tris, pH 7.5, 300 mM mannitol, 50 mM ethylene glycol tetraacetic acid (EGTA), and 0.1 mM phenylmethysulfonyl fluoride at 4°C, followed by centrifugation at 10,000g for 20 min. The supernatant was collected and the protein content quantified using the Bradford method [26] . Cytosolic proteins (20 lg) were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels, electroblotted onto polyvinylidene difluoride membrane and immunoblotted with anti-MATI/III and MATII antibodies (Santa Cruz Biotechnology, Inc. Santa Cruz, CA). Blots were blocked at 4°C with Tris-buffered saline with 0.1% Tween 20 (TBST) plus 5% dry nonfat milk. Blots were incubated in primary antibodies overnight at 4°C and washed three times in TBST. Blots were then incubated with the appropriate peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology, INC. Santa Cruz, CA.) secondary antibodies diluted in TBST plus 5% milk for 1 h at room temperature. Following probing, blots were stripped and reprobed with GAPDH (ABcam Inc., Cambridge, MA). Proteins were viewed using enhanced chemiluminescence (PIERCE, Rockford, IL, USA). The intensities of the bands were quantified using Gel-Pro Analyzer 3.1 software.
Data Analysis
Values were compared using Student's two-tailed t-test. Significance was determined as P \ 0.05.
Results
Body Weight
Wild-type mice fed the MCD diet exhibited significantly lower body weight than mice fed the control diet (Table 3) . db/db mice fed either diet were significantly heavier than wild-type mice fed the same diet, and the difference between db/db mice fed the MCD diet and db/db mice fed the control diet did not reach statistical significance (P = 0.070).
Histology
Examination of liver histology revealed marked differences in liver tissue morphology before and after MCD diet feeding (Fig. 1) . Wild-type mice fed the MCD diet developed mild microvesicular steatosis throughout the liver (Fig. 1b) . Macrovesicular steatosis was observed in the livers of db/db mice fed the control diet (Fig. 1c) . db/db mice fed the MCD diet exhibited severe macrovesicular steatosis with extensive hepatocyte ballooning (Fig. 1d) . (Table 3) . After MCD diet feeding, serum triglycerides increased in both genotypes; however, the concentration was higher in db/db mice than in wild-type mice. Hepatic triglyceride content was higher in db/db mice than in wild-type mice when fed either diet. MCD diet feeding increased hepatic triglyceride content in db/db mice but did not significantly affect hepatic triglyceride content in wild-type mice. Serum cholesterol was elevated in db/db mice fed either diet in comparison with wild-type mice, and upon MCD diet feeding decreased in wild-type mice but was not affected in db/db mice. Hepatic cholesterol content was not different between genotypes or after MCD diet feeding. Basal serum ALT level in db/db mice was significantly higher (eightfold) compared to wild-type mice fed a control diet. Serum ALT increased significantly in wild type mice fed an MCD diet but remained at much lower levels (14-fold difference after MCD diet feeding) than that of db/db mice fed the MCD diet. Feeding the db/db mice an MCD diet did not significantly change serum ALT levels compared to db/db mice fed the control diet; however, there was a trend towards an increase that nearly reached statistical significance (P = 0.06 compared to the db/db control). TBARS (a measure of reactive oxygen species and lipid peroxides, hereafter referred to collectively as reactive intermediates) were increased in wild-type mice fed an MCD diet. Basal levels of TBARS were higher in db/db mice fed a control diet when compared to wild-type mice. The MCD diet did not affect reactive intermediate production in db/db mice.
Inflammatory Gene Expression
Hepatic expression of TNFa mRNA was similar in both genotypes of mice fed a control diet (Fig. 2a) . However, upon MCD diet feeding, TNFa mRNA level increased fourfold in db/db mice but was not induced in wild-type mice. The proinflammatory cytokine IL-1b was only upregulated in db/db mice fed the MCD diet (Fig. 2b) . Upregulation of the chemokine MIP-2 occurred after MCD diet feeding in db/db mice but was not induced in wild-type mice (Fig. 2c) .
Fibrogenic Gene Expression
TGFb mRNA level was increased by MCD diet feeding in db/db mice but not wild-type mice; however, after MCD feeding, hepatic TGFb mRNA levels in db/db mice were not greater than that in wild-type mice (Fig. 3a) . Level of a smooth-muscle actin (a-SMA) mRNA, which is a common biomarker of hepatic stellate cell activation, was lower in livers of db/db mice when compared to wild-type mice (Fig. 3b) . Collagen 1a mRNA level was not significantly changed by MCD diet feeding (Fig. 6c) . Furthermore, Western blotting of a-SMA and morphological analysis confirmed that fibrosis was not present in any of the four groups (data not shown).
Lipid Synthesis and Storage Gene Expression db/db mice expressed lower levels of fatty acid synthase (FAS; Fig. 4a ) than wild-type mice when fed either diet. FAS mRNA level decreased in wild-type mice fed the MCD diet. Stearoyl-coA desaturase (SCD-1) mRNA was also expressed at lower basal levels in db/db mice than in wild-type mice (Fig. 4b) , and in both genotypes, SCD-1 was markedly downregulated (12.5-fold and 13.5-fold in wild-type and db/ db mice, respectively) by MCD diet feeding.
Lipid Oxidation Gene Expression db/db mice expressed lower levels of PGC-1a and PGC-1b, the master regulators of energy metabolism, relative to wildtype mice when fed a control diet (Fig. 5a, b ). PGC-1a mRNA level increased after MCD diet feeding in db/db mice but remained lower than that of wild-type mice (Fig. 5a ). MCD diet feeding increased PGC-1b mRNA expression in Fig. 2 Hepatic TNFa, IL-1b, and MIP-2 mRNA levels in wild-type and db/db mice fed the MCD diet. Wild-type (h) or db/db (j) mice were fed either a control diet or the MCD diet for 2 weeks. mRNA levels of (a) TNFa, (b) IL-1b, and (c) MIP-2 was quantified relative to GAPDH as described in the Materials and Methods section. Data represent mean ± SD (n = 5). db/db mice to a level comparable to that of wild-type mice fed either diet (Fig. 5b) . db/db mice expressed CPT-1, the rate-limiting enzyme for mitochondrial b-oxidation, at a lower basal level than wild-type mice; however, after MCD diet feeding CPT-1 expression was similar between genotypes due to reduced expression in wild-type mice (Fig. 5c ). Cyp4a14 mRNA level was not significantly different between the two genotypes before MCD diet feeding (Fig. 5d ); however, Cyp4a14 mRNA level increased after MCD diet feeding in db/db mice but not in wild-type mice.
Liver SAMe and GSH Content Liver SAMe content was not different between genotypes in mice fed a control diet. However, MCD diet feeding reduced liver SAMe content in db/db mice, but not in wildtype mice (Fig. 6a) . Liver SAH content was neither affected by the MCD diet nor differed between genotypes (Fig. 6b ). The SAMe:SAH ratio was not different between genotypes fed a control diet. However, the SAMe:SAH ratio was reduced by MCD feeding in db/db mice, but not in wild-type mice (Fig. 6c) . GSH can be utilized to detoxify ROS via its oxidation to GSSG, and SAMe is a precursor of GSH. Therefore, GSH utilization was measured as a function of GSH:GSSG ratio to determine if SAMe depletion in db/db mice fed the MCD diet is a result of increased GSH utilization and subsequent replenishment. Steady-state hepatic content of the antioxidant GSH was not significantly affected by MCD diet feeding in either genotype; however, db/db mice fed the MCD diet had lower GSH content than control mice fed the same diet Fig. 3 Hepatic TGFb, a-SMA, and collagen 1a mRNA levels in wild-type and db/db mice fed the MCD diet. Wild-type (h) or db/db (j) mice were fed either a control diet or the MCD diet for 2 weeks. mRNA levels of (a) TGFb, (b) a-SMA, and (c) collagen 1a was quantified relative to GAPDH as described in the Materials and Methods section. Data represent mean ± SD (n = 5). (Fig. 6d) . Hepatic GSSG was also not affected by MCD diet feeding in either genotype (Fig. 6e) . GSSG content was lower in db/db mice fed the MCD diet than in wildtype mice fed the same diet. Hepatic GSH:GSSG ratio was not significantly affected by MCD diet feeding in either genotype; however, GSH:GSSG ratio was higher in db/db mice fed the MCD diet compared to wild-type mice fed the same diet (Fig. 6f) .
SAMe Synthesis Pathway
The MAT1A and MAT2A genes encode the MATI/III and MATII enzymes, respectively, either of which are capable of synthesizing SAMe from methionine and ATP. Basal MAT1A mRNA level was lower (threefold) in db/db mice than in wild-type mice (Fig. 7a) . MAT1A mRNA expression increased during MCD diet feeding in both genotypes but remained lower in db/db mice relative to wild-type mice. Basal MAT2A mRNA expression was lower (fivefold) in db/db mice than in wild-type mice. MAT2A mRNA expression increased in db/db mice fed the MCD diet at a level twofold higher than that of wild-type mice, which did not significantly change during MCD diet feeding (Fig. 7b) . MATI/III protein content was not different between genotypes and was not altered by MCD diet feeding (Fig. 7c) . MATII protein content was not different between genotypes fed a control diet; however, upon MCD diet feeding, MATII protein abundance increased 19-fold in db/db mice but did not significantly change in wild-type mice (Fig. 7d) . MATII protein abundance in db/db mice fed the MCD diet is not significantly different from the MATII protein level in wildtype mice fed a control diet, though the value approaches significance (P = 0.056). The MATII:MATI/III protein ratio was not different between genotypes of mice fed a control diet. However, MCD feeding induced a 13-fold increase of the MATII:MATI/III ratio in db/db mice but did not significantly alter this ratio in wild-type mice (Fig. 7e) , resulting in an 11-fold higher MATII:MATI/III ratio in db/ db mice fed the MCD diet relative to wild-type mice fed the same diet. MATII:MATI/III ratios were not significantly different between db/db mice fed the MCD diet and wildtype mice fed a control diet.
Discussion
The progression from fatty liver to NASH was investigated in db/db mice fed an MCD diet. MCD diet feeding is a common method of inducing steatosis, NASH, and fibrosis, presumably by inhibiting phosphatidylcholine synthesis and thus lipoprotein export from the liver [6, 7] . Whereas db/db mice fed the MCD diet for 4 weeks develop NASH and fibrosis [7] (Table 1) , here the 2 week MCD feeding time point was characterized to identify potential causative biomarkers preceding NASH development. To this end, lipid and methionine metabolism pathways were characterized during early NASH development because (A) fatty liver precedes NASH in animal models [7, 8, Fig. 5 Hepatic PGC-1a, PGC-1b, CPT-1, and Cyp4a14 mRNA levels in wild-type and db/db mice fed the MCD diet. Wild-type (h) or db/db (j) mice were fed either a control diet or the MCD diet for 2 weeks. mRNA levels of (a) PGC-1a, (b) PGC-1b, (c) CPT-1, and (d) Cyp4a14 expression was quantified relative to GAPDH as described in the Materials and Methods section. Data represent mean ± SD (n = 5).
* P \ 0.05 compared to wild-type mice fed the same diet, by MCD feeding is dependent upon restriction of methionine but not choline [9] .
Transition from Steatosis to NASH NASH is characterized as a progression from benign steatosis to steatosis coupled with inflammation. db/db mice spontaneously develop severe steatosis associated with a moderate level of hepatocyte injury (serum ALT of 368 U/ L), a level higher than described elsewhere [24] . Despite high serum ALT levels, db/db mice did not express elevated levels of proinflammatory cytokines. Upon 2 weeks of MCD diet feeding, levels of proinflammatory cytokines and the chemokine MIP-2 were increased in the livers of db/db mice. In contrast, mRNA levels of genes associated with fibrosis (i.e., a-smooth muscle actin, collagen 1a) remained unchanged. Additionally, liver histology of db/db mice fed the MCD diet revealed increased hepatocyte ballooning but minimal inflammatory infiltrate. Thus, this treatment group represents early events in the transition from steatosis to NASH. Wild-type mice fed the MCD diet for 2 weeks were used to compare effects upon mice without preexisting fatty liver; therefore, biomarkers of NASH would not be expected in this group until later time points of MCD diet feeding (see Table 1 ).
Downregulation of Lipogenic Genes in db/db Mice and by MCD Diet Feeding
Diminished expression of the major lipogenic gene FAS suggests that steatosis in db/db mice fed a normal diet is not due to increased lipogenesis as suggested by others (Reviewed in: 28). Downregulation of SCD-1 in wild-type mice fed the MCD diet and low basal SCD-1 expression in db/db mice suggests that steatosis may be caused or maintained by inhibition of fatty acid incorporation into triglycerides for lipoprotein export, which has been suggested elsewhere [23] . Impaired Lipid Oxidation Pathway in db/db Mice A possible cause of spontaneous lipid accumulation in the livers of db/db mice could be reduced hepatic lipid oxidation. Additionally, impaired lipid oxidation capacity could be a priming factor for NASH progression, whereas overloading of existing lipid oxidation pathways could result in upregulation of microsomal pathways and subsequent production of reactive intermediates [8] .
db/db mice exhibited reduced mRNA expression of CPT-1, a rate-limiting enzyme in fatty acid oxidation responsible for import into mitochondria, when fed either a control or MCD diet. Additionally, CPT-1 mRNA reduction also occurred in wild-type mice fed the MCD diet coincident with steatosis confirmed histologically. Thus, it is plausible that CPT-1 down-regulation contributes to the development of steatosis in both genotypes.
Additionally, PGC-1a and PGC-1b were expressed at low basal levels in db/db mice. PGC-1a and PGC-1b are central regulators of energy homeostasis that function by coactivating transcription factors involved in energy balance [29] . PGC-1a knockout mice exhibit decreased mitochondrial number and respiratory capacity in skeletal muscle and hepatic steatosis [30] . PGC-1b knockout mice are predisposed to liver steatosis when fed a high-fat diet corresponding to dysregulation of lipogenesis and reduced mitochondrial capacity [31] . Independent knockout of either PGC-1a or PGC-1b is sufficient to induce major disruptions of energy homeostasis, suggesting that these two genes are not functionally redundant. Consistent with the current study, Aoyama also observed decreased PGC1a mRNA levels in the livers of fasting db/db mice [32] . In the current study, PGC-1b was not different between genotypes after MCD diet feeding, whereas PGC-1a remained lower in db/db mice relative to wild-type mice; thus, induction of PGC-1b was not sufficient to rescue steatosis or prevent NASH progression. Cyp4a14 is involved in microsomal x-oxidation and is upregulated when the mitochondrial and peroxisomal lipid oxidation pathways are overloaded or inhibited [reviewed in 33]. x-oxidation generates toxic dicarboxylic fatty acids as well as hydrogen peroxide, which could result in cellular insult. db/db mice fed the MCD diet upregulated Cyp4a14 mRNA, suggesting that other lipid oxidation pathways are overloaded during MCD diet feeding. Enrichment of microsomal x-oxidation has been described elsewhere [8] in wild-type mice fed the MCD diet for an extended period of time and here we identify this common biomarker in db/ db mice progressing to NASH. db/db mice produced elevated basal reactive intermediates relative to wild-type mice; however, reactive intermediates were not further induced by MCD feeding in db/db mice. Thus, production of reactive intermediates at this level is not sufficient to induce NASH. It is important to note that reactive intermediate production preceded Cyp4a14 upregulation, suggesting that pathways independent of Cyp4a14 contributed to reactive intermediate production in db/db mice. Production of reactive intermediates by wild-type mice fed the MCD diet for an extended duration has been described elsewhere [8, 24] and thus further induction may be expected after extended MCD feeding of db/db mice. Despite producing elevated basal reactive intermediates, db/db mice did not exhibit increased utilization of the antioxidant GSH. Again, GSH depletion and increased GSH utilization at later time-points [9, 11] has been described and would be expected with extended MCD feeding.
SAMe Depletion in Transition from NAFLD to NASH
Here we observed depleted SAMe levels and reduced SAMe:SAH ratios in the livers of db/db mice fed an MCD diet for 2 weeks. This phenomenon was unique to this treatment group, which is the only group exhibiting early NASH development. SAMe is the principal biological methyl donor required for lipoprotein formation (and thus export) and GSH synthesis. Additionally, SAMe methylation pathways influence proliferation, apoptosis, differentiation, DNA synthesis, membrane fluidity, and ROS generation [10] . SAMe is synthesized from methionine and ATP by MAT enzymes, which are present in two main isoforms, MATI/III, the liver-specific MAT enzymes consisting of subunits encoded by the MAT1A gene, or MAT II, the non-liver-specific MAT isoform encoded by the MAT2A gene [10] . MATII is inhibited by high levels of SAMe; thus, MATI/III enzymes are capable of maintaining higher tissue SAMe concentrations.
SAMe depletion could result from reduced synthesis or increased utilization. In the current study, SAMe reduction was associated with upregulation of the non-liver-specific MAT2A mRNA and protein (MATII) in db/db mice fed the MCD diet. This upregulation resulted in increased MATII:MATI/III protein ratios, which may be responsible for reduced SAMe synthesis in livers of db/db mice fed the MCD diet. The MATII protein was not up-regulated in wild-type mice fed the MCD diet, and SAMe levels did not fall in this treatment group, suggesting a role for an increased MATII:MATI/III ratio in decreased hepatic SAMe content. However, neither the MATII protein level nor the MATII:MATI/III ratio were significantly different between db/db mice fed the MCD diet and wild-type mice fed a control diet, although the difference in MATII protein level approached a significant value (P = 0.056). This finding demonstrates that increased MATII:MATI/III ratio is not sufficient to induce SAMe depletion, suggesting that other factors unique to db/db mice have additive or synergistic effects with differential MAT expression to contribute to SAMe depletion induced by the MCD diet. Elevated MATII:MATI/III ratio and reduced hepatic SAMe levels have been implicated in a number of pathological liver conditions such as thioacetamide [14] , CCL 4 [20] , and ethanol treatment [16] and have been associated with proliferating livers (HCC) [34] and regenerating livers [35] . Additionally, MAT1A knockout mice exhibit low SAMe levels in the liver and spontaneously develop NASH [36] . Finally, wild-type rats fed the MCD diet until the onset of fibrosis also demonstrate reduced SAMe levels [9] . Accordingly, it would be expected that wild-type mice fed the MCD diet would eventually exhibit SAMe depletion after fatty liver is established.
Increased SAMe utilization likely contributes to SAMe depletion; however, increased utilization of GSH, for which SAMe is a precursor, did not occur in mice with SAMe depletion. Thus, increased SAMe utilization via other methylation reactions, perhaps induced by altered lipid metabolism pathways in fatty livers, are likely the cause of SAMe depletion of db/db mice. Identification of these pathways merits further investigation.
If SAMe depletion indeed contributes to the second hit of NASH development, dietary SAMe supplementation may be an effective therapy for prevention of the transition from fatty liver to NASH. In rats fed the MCD diet, SAMe administration beginning at the onset of fibrosis has been shown to attenuate further liver injury [11] . In other animal studies, SAMe supplementation improves a variety of pharmacologically induced liver injuries such as alcoholinduced steatohepatitis [13] , fibrosis induced by CCL 4 [19] or thioacetamide [20] , HCC induced by diethylnitrosamine/ phenobarbital treatment [17] , and acute necrosis induced by Acetaminophen [12] or D-galactosamine [18] . Oral administration of SAMe in humans significantly increases GSH levels in patients with alcoholic cirrhosis or nonalcoholic liver disease [37] and also reduces mortality and delays liver transplantation in patients with alcoholic cirrhosis [38] . The association of SAMe depletion and differential MAT expression specifically with early-stage NASH is a novel finding that supports the potential for SAMe supplementation as a preventative measure against NASH in patients with fatty liver.
Summary
The MCD diet is a classical method of inducing fatty liver and NASH. Because NASH induction by the MCD diet requires lipid accumulation and methionine restriction, abnormalities of lipid and methionine metabolism were identified in db/db mice in the transition from fatty liver to NASH. Inhibited lipid oxidation was found to be a common characteristic of mice with steatosis and thus may serve as a priming factor for lipid accumulation and eventual NASH induction. Depletion of the methionine metabolite SAMe occurred in mice progressing to NASH but not in mice with steatosis only. SAMe depletion exerts pleiotropic effects upon liver homeostasis and thus may set into motion the insults leading to NASH. This finding supports a therapeutic potential for SAMe supplementation in individuals with fatty liver who, in turn, exhibit a high risk of developing NASH.
